Experimental residence time distribution (RTD) measurement and computational fluid dynamics (CFD) simulation are the best methods to study the hydrodynamics of process flow systems. However, CFD approach leads to better understanding of the flow structure and extent of mixing in stirred tanks. In the present study, CFD models were used to simulate the flow in an industrial gold leaching tank. The objective of the investigation was to characterize the flowfield generated within the tank after process intensification. The flow was simulated using an Eulerian-Eulerian multi-fluid model where the RANS standard -ε mixture model and a multiple reference frame approach were used to model turbulence and impeller rotation respectively. The simulated flowfield was found to be in agreement with the flow pattern of pitched blade axial-flow impellers that was used for mixing. The leaching tank exhibited good "off-bottom suspension" which reveals minimum deposition of gold ore particles on the bottom of the leaching tanks. Simulation results were consistent with experimental results obtained from a radioactive tracer investigation. CFD approach gave a better description of the flow structure and extent of mixing in a leaching tank. Hence it could be a preferred approach for flow system analysis where the cost of experimentation is high.
dustry to recover gold from the ore. The tanks are used for mixing and contacting between gold ore particles and leaching agents by means of turbulent agitation of impellers. The impeller-induced flow is known to be very complex in nature [1] [2] [3] . Therefore the flow structure in question is extremely complex and it is greatly challenging to predict mixing in solid-liquid contactors. In order to determine the quality and efficiency of gold recovery it is necessary to determine the flow structure in the tanks. The determination of flow structure leads to the quantification of malfunctions that hamper the mixing, lower contactor efficiency and cause several adverse effects on product quality.
Generally, the study of flow structure in stirred tanks can be conducted using experimental and numerical methods. Thus, classifying fluid hydrodynamic studies into two parts namely, experimental fluid dynamics (EFD) and computational fluid dynamics (CFD) [4] [5] . Among the EFD techniques, analysis of residence time distribution (RTD) determined from a suitable tracer experiment provides the best indication of flow patterns and mixing properties of any STR [6] . However, experimental RTD technique does not provide an explicit and detail picture of the flow structure in the system [7] . Therefore, to address the problems associated with the complexity of flow generated in industrial systems CFD is used to produce visual images of the flowfield, thus making it easier to determine the flow structure and identify possible flow malfunctions. CFD simulation in stirred tanks involves solving the macroscopic balance equations of mass (continuity) and momentum (also known as the Navier Stokes equations) that describe fluid flow in a system.
In order to validate design data after process intensification at Damang gold processing plant, experimental RTD investigation was conducted in a series of gold leaching tanks. I-131 radioactive tracer was used to measure the RTD of aqueous phase in the tanks. From the results of the investigation, the tanks-in-series model with exchange between active and stagnant volume was found suitable to describe the flow structure of aqueous phase in the tanks (Dagadu et al., 2011) . The model therefore suggests existence of distinct or segregated regions in the tanks. However, as explained earlier, the model prediction did not provide a clear picture of the flow pattern from which possible flow malfunctions, such as dead volumes due to solid build-up on tank bottom, could be made. The objective of the present study was to simulate the flowfield in the first tank of the leach circuit using suitable CFD models. Our intention was to produce visual images of the flowfield and to assess the Off-Bottom Suspension of the tank.
Computational Model
Since the leaching process involves solid-liquid flows in turbulent regime, multiphase and turbulent models have been adopted for the simulations.
Conservation Equations of Multiphase Flow
In the present study, the flow is simulated using Eulerian-Eulerian multi-fluid model where the liquid and solid phases are all treated as different continua, interpenetrating and interacting with each other everywhere in the computational domain. The motion of each phase is governed by the respective mass and momentum conservation equations. The pressure field is assumed to be shared by all the phases according to their volume fraction. The governing equations for any phase q in turbulent flow regime are given as [8] [9]:
Continuity equation:
p .
In Reynolds averaging, a solution variable, Φ in the Navier Stokes equations is decomposed into the mean, Φ (ensembled-average or time-averaged) and fluctuating component, Φ′ . Hence
The time-averaged value is given by:
Therefore in Equation (2): q = 1 and 2 denote the continuous phase (liquid) and the suspended phase (solid), respectively, and i is the direction. q U and q α are the time-averaged values of the velocity and volume fraction of phase q, respectively. p is the time-averaged pressure (shared by both the phases). q ρ is the density of the phase.i g α ρ is the external body force on the phase q. td F is the turbulent dispersion force accounting for the fluctuations in the phase volume fraction. 12,i F is the time-averaged inter-phase force in i direction. In the conservation equations the forces that need to be modeled are the Reynolds stress, the turbulent dispersion and the inter-phase force.
Reynolds Stress Modelling
In order to close the set of equations, the Reynolds stress is modeled using Boussinesq's eddy viscosity hypothesis given by the relation:
where, tm µ is the turbulent viscosity of mixture and I is the unit stress tensor. The turbulent viscosity is taken from the RANS standard -ε mixture turbulence model used to model turbulence in the present study.
Modeling of Turbulence
Among the models used for modeling turbulence the standard k-ε model is the most established because of its simplicity, low computational requirement and good convergence for complex turbulent flows [10] [11] . The governing transport equations for turbulent kinetic energy, k and turbulent energy dissipation rate,  are given below:
where the mixture density, m ρ and velocity, m U are given by:
The turbulent viscosity of the mixture t µ is computed by combining k and ε as follows:
In Equation (6), ∅ represents either the turbulent kinetic energy, k or turbulent energy dissipation rate,  . m σ ∅ is the turbulent Prandtl number for variable ∅ . S ∅ is the corresponding source term for ∅ of mixture where:
and G is the term representing the generation of turbulence kinetic energy due to the mean velocity gradients and is calculated as:
The constants of the k -ε mixture turbulence model are:
Turbulent Dispersion Force
Turbulent dispersion force is the result of the turbulent fluctuations of the liquid velocity. Its contribution is significant only when the size of the turbulent eddies is larger than the particle size, which is the case in solid-liquid stirred reactors. The importance of modeling turbulent dispersion force while simulating solid suspension in stirred reactors is highlighted in literature such as [12] [13] . In this study the turbulent dispersion force is modeled using the following equation derived by [14] .
where turbulent dispersion coefficient, C td is in the range of 0.1 -1.0. In this simulation the C td used is 0.1, which is the most widely used value in literature [15] [16].
Interphase Momentum Transfer
Interactions between the phases involve various momentum exchange mechanisms that comprise drag, lift and added mass forces. However, only the contribution of drag force has been considered in this study because the other forces have no considerable effect on solid-liquid hydrodynamics in stirred tanks [17] [18]. The drag force exerted by the dispersed phase on the continuous phase is calculated as:
where C D is the drag coefficient exerted by the liquid phase on the solid phase and dp is the solid particle diameter. The drag coefficient is obtained by the turbulence correction factor suggested by [19] :
where λ is the Kolmogorov length scale and C D0 is the drag coefficient in a stagnant liquid calculated as follows:
Modeling of Impeller Rotation
In this study a multiple reference frame (MRF) approach [20] [21] [22] has been used to simulate the impeller rotation. In this approach, the computational domain is divided into two regions: an inner region (rotating frame) which encompasses the impeller and an outer region (stationary frame) which includes the tank, baffles and the flow outside the impeller frame. In the former, the governing equations are solved in rotating framework. In the later, the equations are solved in the stationary framework. The boundary needs to be selected in such a way that the predicted results are not sensitive to its actual location. In the present case the interface between the rotating and stationary regions was set in the middle between the impeller tip and the edge of the baffles in the radial direction and one impeller blade width above and below the impeller blades.
Computational Domain
The solution domain consists of a cylindrical flat bottom tank of diameter (T) of 15. GAMBIT mesh generation tool was used to mesh the domain with tetrahedral elements. In order to ensure high quality mesh throughout the domain, the generated mesh was refined with maximum skewness of 0.7. Tetrahedral elements were chosen due to their short "setup time" (time required to create the elements) which is a strong motivation for the unstructured grids employed by the FLUENT solver used for the simulation. The meshed geometry is shown in Figure 2. 
Boundary Conditions
Appropriate boundary conditions were used to specify flow variables at the boundaries of the constructed model imported into the fluent solver after grid generation. No-slip boundary condition with standard wall functions was enforced at tank walls, impeller surfaces and baffles defined with stationary wall motion. The top wall (fluid surface) of the tank was modeled as slip wall with zero shear (i.e. wall is frictionless and exert no shear stress on the adjacent fluid). The motion of the MRFs (with outer impeller shafts) in the fluid domain was defined as moving reference frame with rotational speeds of 16.7 rpm about the z-axis. Stationary options were enabled in the rest of the fluid domain.
Solution Method
The simulation was performed using the Fluent 6.3 solver in which all the models for multiphase and turbulence calculations are embedded. The solver employs a control-volume-based technique to convert a general scalar transport equation to an algebraic equation that can be solved numerically using either the density-based solver or the pressure-based solver. In this technique, the transport equations are integrated on the individual control volumes, in the flow domain, to construct algebraic equations for the discrete dependent variables (unknowns) such as velocities, pressure, temperature, and conserved scalars, [23] . The density-based solver was developed mainly for high-speed compressible flows while the pressure-based solver is used for low-speed incompressible flows. In gold leaching tanks low speed agitation is employed during mixing in order to prevent carbon degradation. In this study, therefore, the pressure-based solver with segregated algorithm was used to solve the governing equations by iterations in which the entire set of nonlinear and coupled equations is solved repeatedly until the solution converges.
In the pressure-based approach, the velocity field is achieved by solving a pressure (or pressure correction) equation derived from the continuity and the momentum equations. In most cases, it uses segregated algorithm where the individual governing equations for the solution variables are solved one after another. Each governing equation, while being solved, is "decoupled" or "segregated" from other equations. All terms of the governing equations were discretized using the QUICK scheme which is one of the "upwind" schemes employed by Fluent to interpolate discrete values of a scalar quantity at the cell faces from scalar values store at the cell centres, The SIMPLE algorithm for pressure-velocity coupling, which is recommended for turbulent multiphase flows, was used to obtain quick solution convergence [24] . It uses a relationship between velocity and pressure corrections to enforce mass conservation and to obtain the pressure field. Convergence was achieved when the residuals on continuity, velocities, kinetic energy and energy dissipation rate fell below 10 −5 and became constant.
Results and Discussions
In order to present graphical analysis of the solution, portions of the flow domain were selected for visualizing the flowfield. This was achieved by creating vertical and horizontal surfaces for displaying simulation results. tinues the upward movement and then returns downwards to rejoin the flow. It is observed that fluid circulation results in vortex (circulation loops) formation where two types of circulation loops can be identified in the flow field. They consist of a strong primary loop in the impeller discharge region and a smaller secondary loop below the impeller. Usually, the flow field generated by down-pumping multiple impellers with large values of impeller separation (also known as S/H values) is such that the downward discharge and circulation loops are well defined for each impeller as in studies conducted by [25] [26] . However, in the present study, it is observed that the loops are more pronounced in the discharge region of the lower impeller. This can be explained by the short separation between the two impellers which resulted in a strong interaction of their active volumes. In this case, the downward discharge flow of the upper impeller is picked up by the lower impeller.
Flowfield Description
The circulation loops clearly show flow segregation within the tank and therefore confirms the tanks-in-series with exchange model which was found suitable to describe the flow structure in the leaching tanks in the experimental investigation of Dagadu et al. (2011).
Flow Distribution
A representative velocity contour plot describing the flow distribution in the tank is shown in Figure 4 . It is observed that the distribution of liquid velocity differs significantly in the flow domain where the highest velocity magnitude is observed at the impeller tips. Thus, indicating uneven distribution of ore slurry in the tank. Low material concentration is observed mainly at the top and around the central axis near the bottom of tank. The central portion of the vortex regions also indicates low material concentration which confirms the fact that the speed of a forced (rotational) vortex is zero at the centre and increases proportionally to the distance from the centre.
The main concern of solid-liquid stirred tanks is the build-up solids on the tank bottom over time. In this study the contour plots revealed that the tank exhibit good Off-Bottom Suspension. The strong tangential velocity component keeps the solids suspended off the tank bottom and will not accumulate over time. This is very important for gold leaching tanks where the efficiency of gold recovery could be reduced significantly due to build-up of gold ore particles on the bottom of the leaching tanks.
This study has shown that due to the low speed of agitation employed in gold leaching tanks it better to design down-pumping multiple impellers with relatively small values of impeller separation in order to prevent solid build-up on the bottom of tanks. If the separation is large the discharge from the upper impeller may not be picked-up the lower impeller to send a strong downward discharge and keep the solids suspended off the tank bottom.
Conclusions
CFD codes were used to simulate the flow pattern of a representative leaching tank using an Eulerian-Eulerian multi-fluid model. Additionally, the RANS standard k-ε mixture model and a multiple reference frame approach were used to model turbulence and impeller rotation respectively. The main conclusions drawn from the inves- tigation are as follows:  Flow distribution, in the simulated flowfield, was found to be in agreement with the flow pattern generated by the pitched blade axial-flow impellers that was used for mixing.  Circulation loops within the flowfield resulted in flow segregation within the tank and confirms the tanks-inseries with exchange model which was used to describe the flow structure in the leaching tanks in a tracer experiment conducted earlier.  Velocity contour plots reveal minimum deposition of gold ore particles on the bottom of the leaching tanks due to the strong tangential velocity component, of the lower impeller discharge.  In general, the CFD approach gave a better description of the flow structure in a leaching tank and could therefore be used for industrial flow analysis instead of experimental methods that are not only cost intensive but also do not provide any clear picture of the flowfield. The CFD approach is necessary for effective design of flow systems and validation of design data especially after process intensification.
